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Introduction

28
It has been known for many decades that the annual cycle in photoperiod is the major 29 proximate cue used by birds to time vernal gonadal maturation (Rowan 1926 ) and subsequent 30 gonadal regression (Burger 1952 ) and molt; see Wingfield (1992) and Dawson et al. (2001) 31 for reviews. However, the annual cycle in photoperiod differs at different latitudes: absolute 32 photoperiod (apart from at the equinoxes), rate of change in photoperiod (apart from at the 33 solstices) and the annual amplitude, all differ. These differences increase per degree of 34 latitude further from the equator. This paper reviews how the timing of gonadal maturation 35 and regression, and molt, differs within species at different latitudes and speculates on how 36 this may be controlled given the differences in photoperiod.
37
Data used in the review are restricted to temperate and high latitude species. Although 38 breeding seasons (i.e, the period during which eggs are laid) are largely determined by the 39 duration of ovarian maturity, the experimental data reviewed are mainly restricted to males 40 because females require cues in addition to photoperiod to attain full gonadal maturity 41 (Farner et al. 1966 ) but see Visser et al. (2011) . 
How do breeding seasons and molt vary with latitude?
43
The beginning of the breeding season can be defined as the date on which first eggs are laid.
44
Data on first egg dates are comparatively easy to collect and are abundant. In general, for 45 temperate and high latitude species, egg-laying within a species starts later at latitudes further 46 from the equator (hereafter higher latitudes). Baker (1938) species the onset of molt is delayed until the end of breeding, and so data on the start of molt 53 can be used as a surrogate for the end of breeding.
54
For blackbirds Turdus merula, first egg dates are 1-2 weeks earlier in the southern half of 55 England compared to the north (5° latitude range) (Myers 1955) . A recent analysis of British
56
Trust for Ornithology molt records for 8000 blackbirds showed that molt starts just 2 days 57 earlier for males in the southern half of England and 3 days earlier for females (Dawson, 58 unpublished data). So although breeding starts earlier at lower latitudes, it ends at much the 59 same time at different latitudes.
60
Data on the timing of gonadal maturation and regression in free-living birds are scarce, and 61 such data from birds of the same species at different latitudes are even fewer. Miller (1960) 
62
showed that the period of active spermatogenesis within species and subspecies of the genus
63
Zonotrichia started earlier in those whose breeding range was at lower latitudes, but ended at 64 the same time at all latitudes ( Fig.1) .
65
Two independent studies investigated changes in reproductive behavior and physiology in 
Simulated natural increases in photoperiod 111
Experiments involving artificial photoperiods that simulate natural changes in photoperiod 112 are likely to generate more realistic data. In starlings exposed to simulated photoperiods at 
Gonadal maturation at different latitudes 122
From the above it is clear that in many, and possibly most, species gonadal maturation starts 123 early in the year when photoperiod is considerably less than 12L, in other words well before 124 the spring equinox. Maturation is exponential before the equinox. It is also clear that the rate 125 of maturation is greater under longer photoperiods. Before the equinox, birds at lower 126 latitudes will experience longer photoperiods than birds at higher latitudes and therefore 127 gonadal maturation will be advanced over birds at higher latitudes by the time of the equinox.
128
This could explain why breeding tends to start earlier at lower latitudes, particularly in birds 129 with early breeding seasons. For example, in starlings maturation starts in November and full 130 maturity is attained shortly after the spring equinox at 52°N, and in fact before the equinox at 131 38°N (Fig. 2) . So all, or nearly all, of the maturation process occurs before the equinox, when (Fig. 2) . Presumably, in partial and short distance migrants, gonadal maturation will be advanced in 158 birds migrating north to breeding grounds over individuals that remained resident over-159 winter. For long distance trans-equatorial migrants the situation is more complicated because 160 the timing of the end of photorefractoriness during the autumn of the previous year needs to 161 be considered, and how this operates remains unknown. 
Gonadal regression and molt
163
Absolute photorefractoriness
164
Although the start of the breeding season differs at different latitudes, the end appears to be 165 similar at all latitudes. In species with short breeding seasons, breeding ends before the 166 summer solstice while photoperiod is still increasing, e.g. starlings in Fig. 2 . In others, with 167 longer breeding seasons, breeding ends after the solstice as photoperiod is decreasing e.g. birds at lower latitudes. I suspect that this is an artefact of the experimental design -176 regression occurring at some time after a single acute change in photoperiod. In reality, birds 177 will be exposed to, and responding to, continuously changing photoperiod.
178
In experimental designs in which birds are exposed to changes in photoperiod that simulate and has an annual amplitude in photoperiod of just 1 hour, ranging from 11.5L to 12.5L. 
190
These data suggest that birds are not using absolute photoperiod, or rate of change in 191 photoperiod, to time regression. They suggest that birds are using photoperiod in some more 192 subtle way. They also suggest that the differing times for regression and molt in birds held on 193 different constant long photoperiods is an artefact of the experimental design. (Fig. 3 A. ).
202
The decreased photoperiod required to induce regression is longer than that required earlier to 
